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1
MEMS DEVICES SENSING BOTH ROTATION
AND ACCELERATION

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This application is a national phase application of PCT
application PCT/US2011/037551 filed May 23, 2011 which
is incorporated herein by reference in its entirety as if fully set
forth herein.

FIELD OF THE INVENTION

The present invention relates generally to the field of semi-
conductor manufacturing and microelectromechnical sys-
tems (MEMS). More specifically, the present invention per-
tains to systems and methods for sensing both rotation and
linear acceleration simultaneously by using a same proof
mass.

BACKGROUND

An inertial sensor is a sensor capable of sensing and/or
generating motion. An inertial sensor may contain a device of
a Microelectromechnical system (MEMS). Examples of such
devices include accelerometers capable of sensing accelera-
tion (e.g., MEMS accelerator) and gyroscopes capable of
sensing rotation (e.g., MEMS gyroscope). However, a con-
ventional MEMS accelerator is not capable of sensing the
rotation, and similarly a conventional MEMS gyroscope is
not capable of sensing the acceleration.

Specifically, a typical MEMS accelerator is composed of a
static proof mass, springs, and a set of comb fingers attached
to it. For example, as shown in FIG. 1, a typical MEMS
accelerometer may include a proof mass 102, springs 104,
comb fingers 105 and anchors 110. The anchors 110 sit on the
substrate 100, and all the other parts are suspended above the
substrate 100 and are moveable. When a linear acceleration is
applied in the direction of the Y axis, an inertial force gener-
ated by the proof mass 102, due to the inertia of the proof mass
102, causes the sensing comb 105 to deform and in turn
changes the capacitance of the comb fingers 105. The result-
ing capacitance change of the comb fingers 105 can then be
assessed electronically to obtain acceleration information.
Such a conventional MEMS accelerator is not capable of
sensing rotation.

A typical MEMS gyroscope is composed of a static proof
mass, springs, a set of driving comb fingers and a set of
sensing comb fingers. For example, as shown in FIG. 2, a
typical MEMS gyroscope may include a proof mass 202,
springs 204, movable frames 203, driving comb fingers 206
and sensing comb fingers 205. The anchors 210 sit on the
substrate 200, and all the other parts are moveable and are
suspended above the substrate 200. During operation, an AC
voltage is applied to the driving comb fingers 206, actuating
the proof mass 202 into oscillation. More specifically, the
electrostatic force generated by 206 drives the moveable
frame 203 and the proof mass 202 to move along the X axis in
an oscillation manner. When a rotation around the Z axis is
applied to the system, a Coriolis force is generated by the
moving proof mass 202 and the springs deform in the direc-
tion of the Y axis, resulting in a capacitance change of the
sensing comb 205. The rotation information can be obtained
by assessing the capacitance change of the sensing comb 205
using a readout electronics. The device may be composed of
two sub proof masses that move in opposite directions, in
order to reduce the rotation signal error caused by the linear
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2

acceleration. Such a conventional MEMS gyroscope is not
capable of sensing the acceleration.

A MEMS chip can be made by semiconductor fabrication
methods and may have single or multiple devices described
above. When multiple devices are implemented in a single
chip, multiple inertial signals, e.g. rotation and acceleration,
or accelerations in multiple axes, can be achieved. Two
classes of devices (i.e., gyroscope for sensing rotation and
accelerometer for sensing acceleration) are required for a six
degree of freedom sensing system. Each class may have a
shared device that senses multiple axis information, for
example, a single gyroscope that senses two or three axis
rotation, and an accelerometer senses two or three axis accel-
eration.

SUMMARY

One embodiment ofthe invention provides an inertial sens-
ing system comprising an MEMS device, where the MEMS
device comprises a proof mass suspended above a substrate,
one or more driving combs, and one or more sensing combs.
During operation, a DC actuating potential in series with an
AC modulation potential is applied to the proof mass, and an
AC actuating potential is applied to the one or more driving
combs such that the proof mass moves in an oscillatory man-
ner.

Another embodiment of the invention provides a method of
sensing acceleration and rotation, comprising providing an
MEMS device, which comprises one or more proof masses
suspended above a substrate, one or more driving combs, and
one or more sensing combs, applying a DC actuating poten-
tial in series with an AC modulation potential to the one or
more proof masses, and applying an AC actuating potential to
the one or more driving combs such that the one or more proof
masses move in an oscillatory manner during operation.

Another embodiment of the invention provides an inertial
sensing device, comprising one or more proof masses, one or
more moving frames, one or more first stationary anchors
attached to a substrate, one or more driving combs, each of the
one of more driving combs comprising a plurality first comb
fingers and a plurality of second comb fingers, and one or
more sensing combs, each of the one of more sensing combs
comprising a plurality third comb fingers and a plurality of
fourth comb fingers, where each of the one or more moving
frames is attached to a corresponding one of the one or more
proof masses by a corresponding one of first springs, each of
the one or more moving frames is attached, via a correspond-
ing one of second springs, to a corresponding one of the one
or more first stationary anchors, the plurality of first comb
fingers are attached directly to a corresponding one of the one
or more moving frames, and the plurality of fourth comb
fingers are attached, directly or via a second movable frame to
the corresponding one of the one or more proof masses,
wherein the second movable frame is attached to the corre-
sponding one of the one or more proof masses via a corre-
sponding one of third springs.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic drawing illustrating a conventional
MEMS accelerometer.

FIG. 2 is a schematic drawing illustrating a conventional
MEMS gyroscope.

FIG. 3 is a schematic drawing illustrating an MEMS device
according to a non-limiting example of the invention.
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FIG. 4 is a schematic drawing illustrating a system that is
capable of sensing rotation and acceleration simultaneous
according to a non-limiting example of the invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention relates to systems and methods for
sensing both rotation and acceleration simultaneously using a
single MEMS device. In contrast, a conventional system
requires at least one MEMS accelerometer in addition to at
least one MEMS gyroscope to achieve an equivalent function.

The cost of manufacturing the system according to the
present invention can be significantly lower than that for
manufacturing a conventional system, because the number of
devices required for achieving the same function (e.g., sens-
ing both rotation and acceleration simultaneous) is reduced.
Further more, a same sensing circuitry can be used as the read
out electronics for sensing both rotation and acceleration,
further reducing the cost of the system.

One embodiment of the invention provides an inertial sens-
ing system comprising an MEMS device, where the MEMS
device comprises a proof mass suspended above a substrate,
one or more driving combs, and one or more sensing combs.
During operation, a DC actuating potential in series with an
AC modulation potential is applied to the one or more proof
masses, and an AC actuating potential is applied to the one or
more driving combs such that the one or more proof masses
moves in an oscillatory manner. In some embodiments, the
AC modulation potential signal may have a first frequency,
and the AC actuating potential has a second frequency difter-
ent from the first frequency. The first frequency may be higher
than the second frequency. In some embodiments, the first
frequency may be about 100K Hz to about 10M Hz, for
example about 500K Hz to about SM Hz, such as about 1M
Hz. The second frequency may be about 1K Hz to about 100K
Hz, for example about SK Hz to about 50K Hz, such as about
10K Hz. The DC actuating potential and the AC modulation
potential should be large enough to move the proof mass by
electrostatic force. In some embodiments, the DC actuating
potential may be higher than about 1 Volt, for example higher
than about 5 Volts, such as higher than about 10 Volts.

The inertial sensing system may further comprise a sensing
element configured to detect a rotation information coupled
with an AC signal and the acceleration information coupled
with a DC signal.

In some embodiments, the output signal from driving
combs can be firstly demodulated at the first frequency. The
output after this demodulation still contains a mix of signals
containing a rotation information and an acceleration infor-
mation.

The acceleration information can then be separated from
the demodulated output signal, by removing AC components
in the output signal using a first low pass filter. Simulta-
neously, the rotation information can be separated from the
demodulated output signal, for example by using a band pass
filter, a second demodulator at the second frequency, and a
second low pass filter. The band pass filter removes DC signal
and components having frequency higher than the second
frequency in the demodulated output signal. The output of the
band bass filter is then demodulated at the second frequency
by the second demodulator. The high frequency harmonics in
an output of the demodulator can then be removed by the
second low pass filter.

In some embodiments, the MEMS device may comprise
one or more proof masses, one or more moving frames, one or
more first stationary anchors attached to a substrate, one or
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4

more driving combs, and one or more sensing combs. Each of
the one of more driving combs comprises a plurality first
comb fingers and a plurality of second comb fingers. Each of
the one of more sensing combs comprises a plurality third
comb fingers and a plurality of fourth comb fingers. Each of
the one or more moving frames is attached to a corresponding
one of the one or more proof masses by a corresponding one
of first springs. Each of the one or more moving frames is
attached, via a corresponding one of second springs, to a
corresponding one of the one or more first stationary anchors.
The plurality of first comb fingers are attached directly to a
corresponding one of the one or more moving frames, and the
plurality of fourth comb fingers are attached, directly or via a
second movable frame to the corresponding one of the one or
more proof masses. The second movable frame is attached to
the corresponding one of the one or more proof masses via a
corresponding one of third springs.

In some embodiments, the MEMS device further com-
prises one or more second stationary anchors attached to the
substrate and one or more third stationary anchors attached to
the substrate. The plurality of second comb fingers are
attached directly to a corresponding one of the one or more
second stationary anchors, and the plurality of third comb
fingers are attached directly to a corresponding one of the one
or more third stationary anchors.

A non-limiting example, as shown in FIGS. 3-4, is
enclosed to illustrate the above described embodiments of the
invention. For the purpose of simplicity, a device having a
single proof mass, as a non-limiting example, is described
below for illustration. However, one of the ordinary skill in
the art would understand that the device may comprise mul-
tiple proof masses. The drawings are not to scale and intended
by way of illustration rather than limitations. Desirable addi-
tional and/or alternative components may be comprised.

Referring to FIG. 3, the device may include a proof mass
302, driving combs 301, moving frames 303, and sensing
combs 305, which are suspended above the support substrate
(not shown) through stationary anchors 310.

Each of the driving combs 301 comprises interdigitated
first comb fingers 307 and second comb fingers 306. Each of
the sensing combs 305 comprises interdigitated third comb
fingers 308 and fourth comb fingers 309. The gaps between
the interdigitated comb fingers 306 and 307 and between the
interdigitated comb fingers 308 and 309 are independently
selected from about a few microns to about ten microns, for
example but not limited to about 1 micron to about 3 microns.

The first comb fingers 307 are attached directly to a corre-
sponding one of the moving frames 303. The second comb
fingers 306 are attached directly to a corresponding one of the
second stationary anchors 3105. The third comb fingers 308
are attached directly to a corresponding one of the third sta-
tionary anchors 310c. The fourth comb fingers 309 are
attached directly to a corresponding proof masse 302. Option-
ally, the fourth comb fingers 309 are attached to the corre-
sponding proof masse 302 via a corresponding second mov-
able frame (not shown) that is in turn attached to the
corresponding proof masse 302 via a corresponding third
spring (not shown).

Each of the moving frames 303 is attached to the proof
masses 302 by a corresponding one of first springs 304, and to
a corresponding one of the first stationary anchors 3104 via a
corresponding one of second springs 314.

The substrate can comprise any suitable substrate materials
known in the art, for example semiconducting material
including silicon, IV-IV compounds, I1I-V compounds, I1-VI
compounds, or any other semiconducting or non-semicon-
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ducting material such as glass, plastic, metal or ceramic. The
substrate may include integrated circuits fabricated thereon,
if desired.

The proof mass 302, driving comb 301, moving frame 303,
and sensing comb fingers 305 may be made of any suitable
materials which are electrically conductive, for example but
not limited to semiconductor materials including silicon, IV-
IV compounds, III-V compounds, II-VI compounds, or
metallic materials including as tungsten, copper, aluminum,
tantalum, titanium, cobalt, titanium nitride or alloys thereof.

The proof mass 302, driving comb 301, moving frame 303,
and sensing comb fingers 305 may have same or different
thicknesses independently selected from a few to tens of
microns. In some embodiments, the proof mass 302, driving
comb 301, moving frame 303, and sensing comb fingers 305
may a same thickness ofaround 1 to 100 microns, for example
around 5 to 50 microns such as 10-30 microns.

Turning to FIG. 4, a readout circuit according to a non-
limiting example of the invention is connected to the MEMS
device shown in FIG. 3 for sensing both rotation and linear
acceleration simultaneously.

A circuit component 402 is configured to apply a DC
actuating potential to the proof mass 302. This DC actuating
potential may be a constant bias having a voltage greater than
other voltage sources of the system. For example, the DC
actuating potential may be higher than about 1 Volt, for
example higher than about 5 Volts, such as around about 10
Volts.

A circuit component 404 is configured to apply an AC
actuating potential to one side of the driving combs 301. The
AC actuating potential may have a low frequency (F2) of
about 1K Hz to about 100K Hz, for example about SK Hz to
about 50K Hz, such as about 10K Hz. In some embodiments,
the AC actuating potential can be generated by a feedback
electrical control circuitry.

A circuit component 403 is configured to apply, in series
with the DC actuating potential, an AC modulating potential
having a high frequency (F1) of about 100K Hz to about 10M
Hz, for example about 500K Hz to about SM Hz, such as
about 1M Hz. In some embodiments, the AC modulating
potential may have a voltage lower than the DC actuating
potential and/or the AC modulating potential.

A combination of the DC actuating potential and the AC
actuating potential generates enough electrostatic force to
move the proof mass 302. If the actuating potentials applied
on the driving comb 301 has an appropriate phase, the proof
mass 302 can be driven into oscillation along the direction of
the x-axis.

In case a rotation around z-axis is applied to the device, a
Coriolis force perpendicular to the oscillation is generated of
f =2 mQxv, where m is the mass of proof mass, Q is the
rotation and v is the velocity of the proof mass caused by the
oscillation. Such a Coriolis force moves proof mass 302,
changing the gap between two sides of sensing comb 305,
which in turn changes the capacitance of the sensing comb
305.

If a linear acceleration is simultaneously applied to the
device, the proof mass 302 experiences, in addition to the
Coriolis force generated by the rotation, a linear acceleration
force of =2 mQxv+ma, where a is the acceleration.

Since the modulating frequency with F1 (~MHz) is much
higher than the actuating frequency (~10 kHz), the overall
output signal becomes =2 mQxv+ma)V Sin(wt), where V
Sin(wt) is the high frequency modulation signal with w in the
range of ~MHz.
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The output of the sensing comb 305 contains a mix of a
modulated AC signal component containing the rotation
information and a DC signal component containing the accel-
eration information. In this non-limiting example, a sensing
buffer 405 is connected to the sensing comb 305 to amplify
the signal gathered from the MEMS device.

A demodulator 406 at the frequency of F1 is connected to
the output of the sensing buffer 405. After this demodulation,
the output signal of the demodulator 406 is still a mix of the
signals components containing the acceleration information
and rotation information and other AC signals such as har-
monics of the w frequency.

To separate the signal components from the overall output
signal, and in turn to retrieve the rotation information and the
acceleration information, two types of demodulation are
required.

Since the Coriolis signal is induced by both of the rotation
applied on and the oscillation of the proof mass 302, it is
modulated by the oscillation frequency F2 (v is in an oscilla-
tion manner). Thus, after a demodulation at F2, the rotation
signal Q can be retrieved at DC band. In this non-limiting
example, the output of the demodulator 406 is fed to a band
pass filter (BPF) 407, outputting a signal contains only Corio-
lis signal at frequency F2. A second demodulator 409 works
at the frequency of F2, and outputs down converted Coriolis
signal at DC band and other harmonics at higher frequencies.
Further, another LPF 410 is included to eliminate the high
frequency harmonics and outputs the Coriolis (rotation) sig-
nal as a final DC output.

The DC acceleration-only signal can be obtained by imply
filtering the mix of the output from the demodulator 406 by a
LPF to eliminate the AC components. For example, as shown
in FIG. 4, another output of demodulator 406 is fed to a LPF
408, which filters all of AC signals (including F1, F2 and
harmonics of these two frequencies) and outputs only the
acceleration signal in DC band.

Of course, the signal processing can be either analog or
digital, and achieved by any other methods/circuits providing
similar functions. Changes may be made in details, particu-
larly in matters of shape, size and arrangement of parts with-
out exceeding the scope of the invention.

Based upon the teachings of this disclosure, it is expected
that one of ordinary skill in the art will be readily able to
practice the present invention. The descriptions of the various
embodiments provided herein are believed to provide ample
insight and details of the present invention to enable one of
ordinary skill to practice the invention. Although certain sup-
porting circuits and fabrication steps are not specifically
described, such circuits and protocols are well known, and no
particular advantage is afforded by specific variations of such
steps in the context of practicing this invention. Moreover, it
is believed that one of ordinary skill in the art, equipped with
the teaching of this disclosure, will be able to carry out the
invention without undue experimentation.

The foregoing details description has described only a few
of the many possible implementations of the present inven-
tion. For this reason, this detailed description is intended by
way of illustration, and not by way of limitations. Variations
and modifications of the embodiments disclosed herein may
be made based on the description set forth herein, without
departing from the scope and spirit of the invention. It is only
the following claims, including all equivalents, that are
intended to define the scope of this invention.
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What is claimed is:

1. A method of sensing acceleration and rotation, compris-
ing:

providing an MEMS device, the MEMS device compris-

ing:

a proof mass suspended above a substrate;

one or more driving combs; and

one or more sensing combs configured to detect both
rotation and linear acceleration;

applying a DC actuating potential in series with an AC

modulation potential to the proof mass;

applying an AC actuating potential to the one or more

driving combs such that the proof mass moves in an
oscillatory manner during operation;

receiving an output signal from the MEMS device, the

output signal comprising both linear acceleration infor-
mation and rotation information; and

processing the output signal to separate the linear accelera-

tion information and the rotation information.

2. The method of claim 1, wherein:

the AC modulation potential comprises a first frequency,

the AC actuating potential comprises a second frequency,

and

the first frequency is higher than the second frequency.

3. The method of claim 2, wherein:

the first frequency is about 100K Hz to about 10 MHz, and

the second frequency is about 1 KHz to 100 KHz.

4. The method of claim 1, wherein the DC actuating poten-
tial and the AC modulation potential are large enough to move
the proof mass by electrostatic force.

5. The method of claim 4, wherein the DC actuating poten-
tial is higher than about 5 Volts.

6. The method of claim 1, wherein when rotation and
acceleration are applied to the MEMS device, a capacitance
of the one or more driving combs changes.

7. The method of claim 1, further comprising demodulat-
ing, at a first frequency, the output signal comprising infor-
mation of a capacitance change of the one or more driving
combs.

8. The method of claim 7, wherein during the step of
separating the acceleration information from the demodu-
lated output signal, a first low pass filter is used to remove AC
components in the output signal to separate the acceleration
information from the output signal.
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9. The method of claim 8, wherein during the step of
separating the rotation information from the demodulated
output signal:

a band pass filter is used to remove DC signal components
having a frequency higher than a second frequency in the
demodulated output signal,

a demodulator is used to demodulate, at the second fre-
quency, an output of the band pass filter, and

a second low pass filter is used to remove high frequency
harmonics in an output of the demodulator.

10. An inertial sensing system comprising an MEMS

device, wherein:

the MEMS device comprises a proof mass suspended
above a substrate, one or more driving combs, and one or
more sensing combs configured to detect both rotation
and linear acceleration; and

and the MEMS device further comprises circuitry for
applying, during operation, a DC actuating potential in
series with an AC modulation potential to the proof
mass, and applying an AC actuating potential to the one
or more driving combs such that the proof mass moves in
an oscillatory manner, wherein an output signal com-
prising both linear acceleration information and rotation
information is received from the MEMS device, and the
circuitry processes the output signal to separate the lin-
ear acceleration information and the rotation informa-
tion.

11. The inertial sensing system of claim 10, further com-
prising a sensing element configured to detect a rotation infor-
mation coupled with an AC signal and an acceleration infor-
mation coupled with a DC signal.

12. The inertial sensing system of claim 10, wherein:

the AC modulation potential comprises a first frequency,

the AC actuating potential comprises a second frequency,
and

the first frequency is higher than the second frequency.

13. The inertial sensing system of claim 12, wherein:

the first frequency is about 100 KHz to about 10 MHz, and

the second frequency is about 1KHz to 100 KHz.

14. The inertial sensing system of claim 10, wherein the
DC actuating potential and the AC modulation potential are
large enough to move the proof mass by electrostatic force.

15. The inertial sensing system of claim 14, wherein the
DC actuating potential is higher than about 5 Volts.
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